The weldability of magnesium alloy T-joint using laser-TIG hybrid welding heat source with cold filler wire was studied in this paper. The effects of welding parameters (wire feeding angle ¡, wire feeding speed V W , welding speed V, shielding gas flow rate acts on either of the connect corner Q C , the distance between filler wire and laser beam D LW ) on weld appearance and penetration were discussed. Results show that highquality magnesium alloy T-joint can be achieved by adjusting the parameters. Shearing test result indicates that shear strength of the T-joint welded by laser-TIG heat source can be as high as 92.3% of that of base metal.
Introduction
As one of the most promising basic materials categories for the 21st century, magnesium and its alloys are widely used in automotive, aerospace, aircraft, communication, electronics and other fields for their advantages such as high specific strength, high damping capacity, good castability, and excellent machinability. 17) Magnesium welding plays an important role in exploiting new application fields. In modern industry, T-joint gains an increasing application because of its significant enhancing effect and perfect reduction effect, such as the typical T-joints of stiffened plates, structural bead, bogie, web-core sandwich panel, etc. 8, 9) However, most researches paid much attention on lap and butt welding, and little work can be seen to focus on magnesium T-joint welding. 10) T-joint welding is usually at the unilateral or bilateral of the contact angle of the strengthening rib and wall panel. 11) In unilateral welding, the stress at the joint is always uneven, and large deformation usually occurs after welding. Comparatively, bilateral welding is used more widely because these shortcomings are overcomed. 9, 12) Sometimes it is impossible to weld at connect angle because of the limitation of structure and dimension, and thus welding at wall panel surface is inevitable. Tungsten Inert Gas (TIG) welding, Metal Inert Gas (MIG) welding, and Laser Beam (LB) welding are usually used for welding at the contact angle. However, in the case of welding at wall panel surface, due to the limited heat penetrability of arc and the over concentration of laser beam energy, it is difficult to use these methods for T-joint welding. Laser-arc hybrid welding, demonstrated to overcome these shortcomings from both laser and arc, presents some new features, such as deeper welding penetration, better energy distribution, higher energy utilization ratio and welding efficiency.
1317) Therefore, laser-TIG hybrid welding can be considered as a suitable method for T-joint welding of magnesium alloy.
In our previous work, the application of hybrid laser-arc welding heat source in T-joint welding was simply attempted.
It is found that the laser-arc heat source is suitable for the T-joint welding, and the joint quality can be accepted. However, further results, including the key factors' influence on the welding process and joint quality, were not gained at that time. So, in this paper, the weldability of T-joint with Laser-TIG hybrid welding is detailedly studied. Cold filler wire is adopted to control the excessive penetration, which usually occurs during welding process due to the special structure of T-joint.
18) The paper gives an overview of the investigations on the weldability of magnesium T-joint using laser-arc hybrid welding with cold filler wire. The effects of welding parameters (wire feeding angle ¡, wire feeding speed V W , welding speed V, argon gas flow rate of shielding gas acts on either of the connect corner Q C , and the distance between filler wire and laser beam D LW ) on weld appearance and penetration are presented and discussed. It is thought that this paper can benefit the researcher and works in laser-arc welding area to deeper understand the hybrid heat source and this T-joint welding technology.
Materials and Experimental Procedures

Materials
AZ31B magnesium alloy sheets were used as the welding material with dimensions of 100 © 30 © 1.5 mm 3 and 100 © 40 © 1.5 mm 3 for strengthening rib and wall panel, respectively. AZ61 wires with diameter of 1.6 mm were chosen as the filler material. The chemical compositions of the base metal and filler wire are shown in Table 1 .
Experimental procedures
Hybrid welding system is composed of a Nd:YAG laser, a lateral-axial TIG welder, and a wire feeding device. A schematic configuration of the welding is shown in Fig. 1 . Multimode laser was used, and the pulsed laser with wavelength of 1.064 µm was focused through a lens with 100 mm focal length. Defocusing distance of the laser beam to the surface of work piece is ¹1.0 mm, and spot diameter on the work piece surface is about 0.6 mm. An AC-TIG arc acted behind the laser beam, and the filler wire was ahead of the laser beam. The angle between laser beam axis and the TIG gun is about 45°. The diameter of tungsten electrode is 3.2 mm, and its tip angle was polished into 15°. The strengthening rib was kept vertically, and the wall panel bear a small force, to avoid the hot crack occurring during the welding process. Before welding, the grease and residues on the base metal surface and the filler wire were removed with acetone, and the oxidation film was removed with emery cloth and stainless steel brush. The treated base metal and filler wire were kept desiccated and used within 24 h for their effectiveness. Argon with purity of 99.99% injected from the TIG torch was used to protect molten pool of the top bead, and the back of the bead is also protected by the argon. The main welding parameters are shown in Table 2 . After welding, the tensile strengths of the welding joins were tested by an electromechanical universal testing machine at a constant tensile rate of 5 mm/min. The final results are the average of five specimens. The fracture surfaces were observed by the scanning electron microscopy (SEM). Microhardness test for the T-joint was carried out along a line parallel to the top surface with the distance of 1.5 mm from the top surface.
Results and Discussion
Weldability of T-joint with laser-arc hybrid welding
For single laser welding process, it is hard to achieve satisfied connection between wall panel and strengthening rib. When the laser acting spot deviates a little from the middle line of the strengthening rib, the laser will always cut the wall panel; otherwise, only a very small part of the strengthening rib cross-section is melted because the laserbeam acting zone is extremely small. As shown in Fig. 2(a) , the high energy laser heat source can be described as the Rotary-Gauss body heat source, 19) and it can be considered as a heat line inserted in workpiece based on our previous work. The laser weld seam always exhibits large depth-to-width ratio. The molten pool shape changes from Line 1 to Line 4 with the increase of heat input, and the width is so narrow when the penetration is acceptable. For single TIG welding, the TIG is described as the Gauss surface heat source and the heat transmits along the surface of workpiece, thus the penetration is shallow and the molten pool is usually wide. As shown in Fig. 2(b) , when arc current is constant and the welding speed is relatively high, the shape of molten pool is shown as Line 1 and it changes in the sequence of Line 2, Line 3 and Line 4 with the decreasing welding speed. At high welding speeds, the strengthening rib can hardly be melted due to the weakly penetrability of TIG arc. On the contrary, the molten pool is too large and the surface tension cannot bear so much liquid metal, therefore burn through happens. For laser-TIG hybrid welding, laser can induce Compared with TIG welding, the weld width increases more slowly because the penetration increase is uniform, and it is easy to achieve a narrow weld seam because the penetrations are the same as laser-TIG hybrid welding, as shown in Fig. 2 . Besides, on one hand, the high temperature charged particle in laser plasma accesses the arc through current-conducting channel of laser and TIG arc, thus both ionization degree and temperature of arc increase based on the principle of minimum voltage. The arc capacity shrinks necessarily in order to reduce energy loss and the stability is increased; on the other hand, the laser keyhole can offer stable cathode spot for arc and impede the shift of arc root. Figure 3 shows the cross-sections of the weld seams of laser-TIG hybrid welding with and without cold filler wire under the same welding conditions. For the laser-TIG hybrid welding seam in Fig. 3(a) , an excessive penetration obviously exhibits due to the evaporation and lose of low melting point elements of Mg and Al. Moreover, the region near the right contact angle is empty, which could be filled by a small amount of liquid metal leaking down from the wall panel. In order to avoid this, welding material must be added. For the seam of laser-TIG hybrid welding with cold filler wire in Fig. 3(b) , a stated reinforcement is achieved obviously because of the filler wire addition. In addition, the filler wire can make up the loss of alloy element Al, Zn, etc., improve microstructure, and thus enhance the mechanical property of the weld seam. With the optimized experimental parameters, full-penetration welding joint can be gained with homogeneous and uniform ripples forming on the top surface of the welding seam, as shown in Fig. 4. 3.3 Effect of distance between laser beam and filler wire axis During laser-TIG hybrid welding with cold filler wire, the distance between laser beam and filler wire axis D LW is one of the most sensitive parameters, even though it can only change in a very small range. D LW is positive (+) when the filler wire axis is in front of laser beam, or else it is negative (¹). In order to ensure the experimental accuracy, all the parameters except D LW were fixed (Q C is 0, ¡ is 45°, V W is 1875 mm·min ¹1 , V is 975 mm·min ¹1 ). When D LW is larger than +0.5 mm, the sphere of laser leaded arc action is small, and D LW is so large that the filler wire can not be melted adequately. The cold filler wire touches the workpiece and change direction, which affects the stability of arc and blocks out the laser and compels the welding process to finish. When D LW is less than ¹0.7 mm, the laser beam acts directly on the filler wire and a mass of sputtering occurs, the strengthening rib can not be melted because of the penetrability of arc is weak without the attraction and compression of laser. Moreover, the filler wire melts quickly by consuming too much heat, so that only a small amount of heat can be transmitted to the base metal. Therefore, the wall panel and strengthening rib can not be completely connected. In addition, the unpliable weld seam and the loose ripple result from the incomplete spread of the molted metal, and under this condition, the filler wire is so close to the laser and the arc that big droplet forms. The big droplets cool down rapidly with decreasing flowing ability, and thus forms mountain ridge seam as shown in Fig. 5 . When D LW is in the range of ¹0.7 mm to +0.5 mm, the penetration and weld appearance are almost the same.
Typical weld appearance of the joints
Effect of angle ¡ of the filler wire axis to target metal
In order to investigate the effect of angle ¡ between filler wire axis and target metal on weld appearance and penetration, other parameters were kept constant (D LW is 0 mm, Q C is 0, V W is 1875 mm·min ¹1 , V is 975 mm·min ¹1 ). Experimental results show that ¡ only affects weld appearance. The weld seam is curved and accidented when ¡ is larger than 55°, as shown in Fig. 6 , because apex of the filler wire is relatively far away from workpiece surface, and the directive property of the feeding wire becomes worse and the droplet can't transit rapidly. The shielding gas from TIG nozzle agitates the droplet and it can not drop towards a stationary direction. Besides, the wobbly droplet will result in an unstable arc and then form curve welded seam. When ¡ is less than 55°, the droplet can transit to the weld pool homogeneously and stably, and thus a good weld seam forms.
3.5 Effect of wire feeding speed V W During laser-TIG hybrid welding with cold filler wire, V W must match with other parameters. Since laser power and arc current are fixed, V W must match with welding speed V. Assuming that all the melted filler wire can transit to the molten pool in welding process, we can calculate the wire feeding speed V W according to law of mass conservation.
where k is the shape factor decided by requirement of reinforcement. s is the filling area considered as semicircle with the semidiameter of slab thickness, and d is the diameter of the filling wire. Based on eq. (1), V W can be calculated approximately when V is fixed. Further, k can be expressed as
where t is the height of weld reinforcement and t 0 is the plate thickness. In this research, k is approximately to 1.2³1.3. Excessive penetration is hard to be overcome when V W is slow. On the other hand, excessive high reinforcement usually forms when V W is large. In addition, the droplets translating fast under continuous laser radiation result in the spatters. Wire feeding speed V W has an obvious effect on the height of reinforcement H R and penetration H p . As shown in Fig. 7 , with the increase of V W , H R increases, while H p decreases. With the increase of V W , the feeding wire is upright and it is heated by both arc and laser, molted capacity of the filler wire increases per unit time and then higher reinforcement forms due to the fixed welding speed V. In this process, the consumed quantity of heat by melting filler wire increases and quantity of heat for melting base metal decreases correspondingly, thus H p decreases.
3.6 Effect of flow rate of argon shielding gas acting on both of the connect corner Q C Flow rate of the Argon shielding gas acting on both of the connect corner Q C has an obvious effect on H p , H r , W. As shown in Fig. 8 , the weld width W and penetration H p increase first and then decrease with the increase of argon flow rate, while H r decreases first and then increases. On one hand, the high speed cold argon acts on both the wall panel and the strengthening rib, and it increases the temperature gradient along the vertical strengthening rib and the horizontal wall panel, so the heat transits along the two directions rapidly, and base metal is melted towards vertical and horizon rapidly. On the other hand, argon reduces surface tension and flow ability of the liquid metal, and heat can not dissipate quickly, thus the width and penetration increase. However, the high speed cold argon can take large quantity of heat when the argon flow rate is higher than 8 L/min, causing the decreased width and penetration. When the width and penetration are large, the area of weld seam is large and more metal is needed to fill up the absence of base metal. Accordingly, the height of reinforcement decreases first and then increases.
Mechanical properties
Magnesium alloy T-joints by hybrid welding with and without cold filler wire were prepared, and their mechanical properties were tested by a tensile machine. The force diagram is shown in Fig. 9 . The fractographys show 45°s hear fracture occurring at the heat affect zone of the wall panel. It is found that the average shear strength is 119.0 MPa (92.3% of base metal) for laser-TIG hybrid welding with cold filler wire, while it is 100.0 MPa for laser-TIG hybrid welding without cold filler wire. From the SEM fracture pictures shown in Fig. 10 , it is found the fracture has the low brittleness. A large amount of honeycomb indicates a mixture fracture, where gliding fracture is the dominate fracture mode, accompanied by minor brittle fracture. A microhardness test was carried out on the weld joint, and Fig. 11 presents the results. It can be seen from Fig. 11 that compared with base metal and heat affected zone, the fusion zone of the T-joint possesses the lowest microhardness (63.3 H v in average).
Conclusions
(1) It is suitable to weld magnesium T-joints using Laser-TIG hybrid heat source due to excellent energy distribution of the heat source. The joints are well shaped when the heat source acts on the top surface of the workpiece. But underfill is the main defect due to the evaporation loss of base metal and the special structure of T-joint. The underfill can be avoided by adding cold filler wire. Continuous and compact ripples form on the top surface of the fully penetrated weld seam.
(2) Due to the special structure of the T-joint, welding parameters (wire feeding angle ¡, wire feeding speed V W , flow rate of argon shielding gas acting on either of the fillet Q F , the distance between filler wire and laser beam D LW ) have great effects on weld appearance and penetration. In this experimental, the best parameters are listed below: ¡ is 45°, V W is 1875 mm·min
¹1
, V is 975 mm·min ¹1 and D LW ranges from ¹0.7 mm to +0.5 mm. Under the optimized parameters, shear strength of the laser-arc welded T-joint reaches 92.3% of that of the base material. The fusion zone of the joint has the lowest microhardness. 
